The first layer SERS effect is usually ascribed to dynamical charge transfer (DCT) between metal and adsorbate, following a model by B. Persson. Experiments show, that there is no first layer SERS effect at smooth noble metal surfaces, in spite of the surface resistance caused by adsorbates, which is also caused by DCT according to Persson. On the other hand both SERS and SEIRA (surface enhanced infrared absorption) of ethylene on cold-deposited Cu display at low coverages exactly the same Raman active modes, which can be only understood by DCT. The apparent difference is attributed to special events of double scattering by DCT and atomic scale surface roughness, which prevent dephasing of the optical currents in the electromagnetic resonances. The double scattering model explains the observed change of the SERS background and SERS phonon spectra during annealing of the atomic scale roughness.
I Introduction
We are living now already 24 [1] to 27 [2] years with "surface enhanced Raman scattering" (SERS). This spectroscopy is seldom mentioned in textbooks of surface science, because, for instance, it is not yet clear (e.g. [3, 4, 5] ) whether there exists a weak enhancement for adsorbates on flat ideal low index single crystal surfaces of metals.
Nevertheless, in the recent years the "blinking" Raman signal from single molecules on single and aggregated colloidal silver particles [6, 7, 8, 9, 10, 11, 12, 13] has raised new interest in SERS by demonstrating its high sensitivity. To understand these new effects it may be helpful to solve the old problems described in [14] first. Based on this I will propose a hypothesis on locked. This is before the optical currents in the metal (for explanation see below) are dephased. Also the adsorbates may contribute to this dephasing. I will show that this detrimental effect to Raman scattering via dynamic charge transfer between metal and first layer adsorbate is cancelled at an atomically rough surface by double scattering (dynamic charge transfer and elastic scattering at the roughness).
II Electromagnetic (EM) contributions to enhanced Raman scattering.
SERS models involve surface plasmon type electromagnetic resonances, for instance of an ideal spherical silver particle [15] ( fig. 1below ) with incident plane wave of the Laser irradiation and the elastic Mie emission in the far field and local fields E local (r adsorbate ) above the surface, both at the incident frequency ω Laser , and the emitted frequency ω Stokes .
Conventional models use local optics which implies a dielectric function ε(ω) of the metal and infinite sharp boundaries between metal and external medium (vacuum, air, electrolyte), see fig. 2 , which in turn implies the infinite barrier model for metal electrons, and hence no electronic interaction between metal and adsorbate in front of the metal.
The local field enhancement η EM of the Raman cross section at the Stokes frequency is usually approximated, using the law of optical reciprocity by 2 2 , , ( 
The optical currents (see introduction) at ω Laser and ω Stokes within the metal are given by
The optical currents are schematically shown in fig. 1 The optical relaxation times in films of noble metals (in Cu 6.9±0.7fs, in Ag 31 ± 12 fs and in Au 9.3 ± 0.9 fs [17] ) are of the same order. All these times are much shorter than the vibration time of the lattice vibrations of the noble metals, which are above 100fs. Within the dephasing times the lattice can be regarded as nearly static, albeit non ideally ordered due to zero point and higher temperature excited vibrations. After the dephasing time there is no further (even no diffuse) light emission from the sphere. This is quite evident from the reemission from a smooth surface irradiated at a discrete and constant angle of incidence. Only specular reflected light is observed. There are different channels of dephasing, for instance (i) the decay into one single particle excitation, measured for instance by photoemission in the surface plasmon polariton resonance of Al [18] , or by time resolved 2-photon photoemission from the dipolar resonance of small silver particles [19] and (ii) multi-electron excitations, thermalizing within about 1 ps [20] . 
IV Dephasing by electronic interactions with adsorbates
Now we consider the Raman scattering of adsorbates from ideal surfaces (plane and spherical), but allow for electronic interaction by giving up the infinite barrier model.
Electrons will "spill out", forming a self-edge zone (see fig. 2 right) with a wealth of new properties [21] . In many experimental cases ethylene (C 2 H 4 ) was chosen, because its free state has an inversion centre and therefore vibrational modes cannot be both Raman-and infrared active. This interaction becomes manifest by the experimentally determinable DC surface resistance (for C 2 H 4 on smooth Ag films see [22] ), in a broadband loss in IR reflectivity at smooth surfaces [23] and in a change of the broadband infrared transmission of thin smooth copper films by adsorption of C 2 H 4 [24] . Following Persson we assign a cross section σ Optical Resistance to the interaction of the adsorbate with the optical currents [25] and assume, that they are of the same order of magnitude than the DC or IR surface resistance cross sections σ DC/IR' of about 1 A 2 [26] . This value is much bigger than the Raman cross-section σ Raman,EM outside the spectral range of resonance of the order of 10 -12 A 2 . The Mie cross section in the dipolar resonance of an ideal spherical silver particle is about an order of magnitude higher than the geometrical cross section at the optimal particle size of about 40nm diameter [27] , which yields about 600 A 2 . A precise calculation by Kerker et al. [15] of η EM yields up to 6 orders of magnitude, bringing the overall EM-SERS cross section to σ SERS, EM ≈ Every photon leads to coherent optical currents (characterised for the dipolar resonance by the arrows in fig. 1 below, the electrons carrying the optical currents have the Fermi velocity v F ), which will eventually dephase within a time τ D (R) where R is the radius of the particle. This time depends on R by
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as evaluated by measuring the spectral halfwidth Γ of the dipolar plasmon resonance (ref.
[28], equation (2.51)). The halfwidth Γ is increased by embedding these particles in different matrix environments, which has been assigned to dynamic electron transitions to adsorbate induced resonance states by Persson [25] . According to Persson, these transitions are also responsible for the DC surface resistance [29] , which is well supported by experiment [30] .
There is a probability amplitude that the coherent currents interact via the optical surface resistance with a given adsorbed molecule (e.g. by DCT), leading to dephasing and hence to a loss of light emission and a loss of Raman scattering from this molecule. In this case the probability of Raman scattering is reduced by the factor σ SERS, EM /σ DC/IR ≈ 10 -6 . However when this electronic interaction with a given molecule does not occur and it is only exposed to the electric optical local field at the surface outside of the metal, EM Raman scattering can occur. However the EM cross section of Raman scattering will decrease, because η EM has become lower because the increase of Γ by the electronic interaction with the other adsorbed molecules. Hence an electronic interaction of a given adsorbed molecule with the metal electrons is detrimental to Raman scattering. This argumentation can easily be extended to adsorbates on smooth flat surfaces. The final conclusion is that there should be no "first layer SERS" in addition to the EM enhancement discussed above. The latter becomes less because of the broadening of Γ by the adsorbates. The electromagnetic enhancement explains the long range SERS caused by the enhanced local fields at the site of molecules further away from the surface than the thickness of the first layer of the adsorbed molecules [31] .
V Absence of the first layer effect from slightly corrugated and smooth single crystalline surfaces.
The conclusions from the last chapter are indeed valid in cases coming near to the ideal surfaces with only supra-atomic scale roughness or for well prepared low index faces of single crystals. Optical gratings coated with room temperature deposited silver are "long range enhancers" without a "first layer effect" [32, 33] . In this case the observed frequencies, also of those species in the first layer are near those of the condensed face and are termed N(normal)-lines [34] .
Alexei Goussev took great efforts to prepare clean and smooth Cu single crystal surfaces of (111), (110), and (100) orientation [35] . As example fig. 3 shows Raman spectra from Cu 
VI Experimental observations of the first layer effect of SERS
When small quantities of silver are deposited on the grating described above at low substrate temperatures, a "first layer effect" is observed and the Raman bands are shifted to lower frequencies (termed E(extra) lines, for instance for benzene and pyridine [32] ), see fig. 4 Analogous experiments have been described for ethylene on copper single crystals (see figures 4 and 5 in [36] ).) The separation of the first layer effect from the long range electromagnetic enhancement by the use of spacer layers is described in ref. [37] . In all the adsorbate-metal systems the first layer effect for N-bands is only observed in the presence of E-bands.
Fig. 3
Raman spectra of Cu(110) after 8(above) and 15(below) sputter-annealing cycles, before and after exposure to 1 L ethylene at 45 K.
Fig. 4
Raman peak intensities of the CCbreathing (ν 1 ) and CH-stretch (ν 2 ) modes of benzene adsorbed on an optical grating (grating constant 500nm, mesa type, height 20-30nm) versus exposure, without (empty signs, N-modes) and with (full signs, Emodes) predeposition of Ag at 40 K with average thickness d cold [32] . Note the decrease of long range EM enhancement by cold-deposition of Ag. From ref. [32] .
It is certain, that the first layer effect at rough surfaces is caused by dynamic charge transfer between metal and adsorbate. The first demonstration [38] was possible by tuning the energetic distance between the Fermi level E F of a silver electrode and the energy E(LUMO) of the lowest unoccupied orbital of pyridine in an aqueous electrolyte by varying the potential U SCE of the Ag electrode. This kind of experiment has been repeated by many authors for different systems. The contribution of a chemical effect by dynamic charge transfer to SERS is widely accepted in the SERS community [39] . A different way of demonstrating the role of charge transfer is the surprising agreement of SERS and surface enhanced infrared absorption (SEIRA) for ethylene adsorbed on cold-deposited copper by Pucci and co-workers [36, 40] . With SEIRA at low coverage one observes very prominently the Raman active modes of ethylene, including the N-modes, infrared active modes are only observed at higher coverages, see fig. 5 . When the surface of the cold-deposited copper film is covered by a saturated layer of CO before exposing to ethylene, only the infrared active modes are observed [40] . Clearly this first layer SEIRA cannot be explained by an EM field enhancement at IR frequency, because IR modes of ethylene should show up prominently at low exposures, in contrast to the observation. The selection rules of the dynamical charge transfer will be discussed in section VII. Comparison of SEIRA spectra in transmission of copper films deposited at T S and exposed to ethylene at T E (down going bands, left ordinate) and a corresponding SERS spectrum, copper annealed at T A , upgoing bands, right scale. From ref. [40] and [41] .
VII Perssons theory of the first layer effect by dynamic charge transfer.

Perssons model of electronic SERS
42 is based on the Newns-Anderson (NA) model. In the NA model the infinite barrier approximation is cancelled. The Hamiltonian is given by † † † * † ( ) This model is solved for the eigenstates of the coupled system ε of energy ε. are not parallel) is well known, for ethylene see [43] . Therefore the dynamic charge transfer will lead to surface resistance and to its equivalence in broadband loss of IR reflectivity, because the component of k initial and k final parallel to the surface are in general not equal and hence the electron reflection at the surface is not specular.
In 
yielding the change ∆SR of the resistance of a thin film with electron density n and thickness t with n a molecules adsorbed per 1 cm 2 area ( )
and k 2 is the component of k parallel to the surface, and
2
The higher the centre of the NA at ε a is above the Fermi energy, the smaller is ∆SR. This is demonstrated qualitatively by the experimental comparison of the surface resistance of ethylene and ethane adsorbed on smooth silver films [22] .
The Hamiltonian of electronic first layer SERS of Persson [42] for a given allowed vibrational mode with frequency Ω and normal mode Q is given by This selection rule will in first order be the same as in free molecules [44] , given the relatively 
ε (Q) -edE ]a a + ε a a + (V a a +V a a)+ hΩb b + H
, α is the optical polarizability of the free molecule at ω Laser .Person presents the example of a NA resonance at 1.5eV above E F for various parameters Γand
there is a resonance at 1.5
The SERS Hamiltonian (10) includes like the NA model and the surface resistance model the term (6c) and therefore may leave after the end of the dynamic process a hole at k initial and an electron at k final , see fig. 6 . This dephases the optical currents as discussed in section IV, and hence this process will not yet deliver Raman scattering at a smooth surface.
Persson's treatment of (10) is a perturbative approach based on the eigenfunctions of the NA model, it does not include the possible dynamics presented by the term (6c) and hence no electron-hole shake up. This needs further discussion in the future. 
If one dares to make the following approximation for chem η in equation (11) 2 * , chem ak ak k weighed
with F a function which depends on the properties of the metal and adsorbate and on the frequencies ω Laser , ω Stokes and Ω, the sum of the matrix elements are weighed according to their contribution to the term G in equation (11), then the equation (13) 
This would give a background increasing from the low energy side to the high energy side within an energy range of kT. If this channel were a strong contribution, it should be observed also at a smooth surface, since it is not dependent on the scattering by roughness. However, this is not the case.
IX Fitting experimental results by the assumption of double scattering
So far the model of double scattering was used in fitting three different type of experiments.
Cold-deposited films show SERS of the continua of excited electron hole pairs and of bulk phonons. The dependence of the spectra on the annealing temperature T A of the films can be modelled with good success by a change of the roughness spectra.
The inelastic background in SERS spectra of cold-deposited films does exist already before any adsorption. It varies considerably with the annealing temperature, see the lower part of fig. 7 for the example of silver [45] . By variation of the laser frequency it can be demonstrated, that the cause of the background is Raman scattering rather than luminescence.
Because the background is quenched by exposure to oxygen, but reappears when the oxygen reacts with adsorbates (for cold-deposited copper films see fig. 8 in [46] ) the background is assigned to electronic transitions between occupied and unoccupied electronic states ε(k) in the selfedge (k is a two dimensional surface vector, f(ε) is the Fermi-Dirac distribution, ω is the Raman shift and
Fig 7
Above: Calculated joint density of states J(ω) according to equations (17) and (18) for different values of ∆ and a temperature of 50 K. Below: Electronic Raman spectra at 40 K after annealing at temperatures T A . Noise in the spectra has been omitted. From ref.
[47].
The intensity is given by
Because the dispersion ε(k) in the selfedge is not known, the following approximation was choosen:
g(ε) is related to R(k) and therefore appears twice in (18) like R in (15) . The result of this approximation with proper choices of ∆ and n are given in the upper parts of fig. 7 . 
, ,
q is the projection of Q on the surface , the index j runs over the 3 acoustical branches. The theoretical spectra a superimposed on a theoretical electronic background (for details see [47] ). Fitting parameters are the width ∆ of the roughness spectrum and the ratio of the common prefactors of J Stokes,phonon and J Anti-Stokes,phonon with respect to the prefactor of J eh, independent on the choice of ∆ .
As third demonstration of double scattering the lineshape of the CO stretch band of CO adsorbed on cold-deposited copper could explained by the scattering by 2dimensional CO stretch-phonons of wavevector k CO-phonon cancelled by roughness scattering with opposite surface vector [48] . surface band transitions, dotted line. From ref. [47] .
X On the interpretation of single molecule SERS
Käll and co-workers [11] presented good evidence, that the 10 10 times enhanced single molecule Raman signal was due to a molecule connecting two quasi spherical silver particles.
They calculated η EM , which was reaching about 2.5 ⋅ 10 10 at a distance between the two spheres of 1 nm.
When using the infinite barrier model at such a distance (see fig. 1a ) has to consider the gap between the two spheres as a capacitor, and therefore the optical current is displacive between the two spheres. Giving up the infinite barrier model, the density n(ε F ,d/2) of electrons at An indication for a chemical mechanism of any kind is the chemical specificity of the single molecule SERS. If it is just a matter of EM fields, one should observe also a signal from water or methanol, because it is likely that also these molecules enter the gaps.
The large fluctuations of narrow Raman bands from a carbon layer (time average = area average) and of the Raman band of CO at rough gold and silver surfaces [12] are assigned by Pettinger et al.
[52] to local conformational changes due to ongoing surface chemical reactions. I propose to assign these effects to the reorientation of small patches of graphitic carbon and of CO in narrow pores switches from mode to mode, it may also become obscure. In other words one observes "blinking".
Also the observation, that "blinking " is no more observed at low sample temperatures [54] is easily explained by freezing out of the jumps and reorientations on atomic scale.
This model could explain single molecular SERS of molecules with LUMO and or HOMO (highest occupied molecular orbital) near the Fermi levels of the metal spheres and with sizes, allowing to squeeze them into gaps below about 1 nm [53] . For large proteins like haemoglobin, investigated by
Käll and co-workers [11, 55] this is only possible when the peptide chains are partially unfolded.
XI Summary
So far the discussion of photon-electron coupling in the dynamical charge transfer (DCT) models of SERS has not considered the important requirement of coherence of the overall Raman scattering process. The dephasing of the optical currents by DCT to the molecule, which is also the basis of electrical surface resistance, excludes Raman scattering. This is valid at smooth surfaces. At atomically rough surfaces there exist double scattering processes by DCT and surface roughness, which do not dephase the electromagnetic resonances and explain the first layer effect of SERS. 
